This study measures energy price induced technological change using directional distance function for a panel data of 55 countries over the period 1974 to 2000. The parameter estimates of directional distance function reveal the absence of neutral exogenous innovations and the presence of biased innovations either it is exogenous or energy price induced. We observe larger energy price induced technological change effects in developed countries in comparison to developing countries in the periods after first (1974), and second (1980) world oil crisis that caused substantial energy price increases. These findings concur with data that show most RDoccurs in high-income countries, particularly the US and Japan.
Introduction
Technological progress plays a crucial ameliorating role in reducing energy consumption for combating climate change. Energy economists often cite market based instruments such as energy taxes for encouraging energy saving technological progress. Energy policy interventions may change the constraints and incentives that affect technological change (TC). For instance, changes in current relative energy prices may induce substitution of energy by other factors of production and changes in its long-run prices may induce development of new energy saving technologies. The importance of relative prices as a stimulator of technological advancement is traceable to Hicks (1932) . Theory of induced innovation helps in measuring the impact of relative prices on the direction of technological change (Hayami and Ruttan, 1971) .
Technological change can be decomposed into two components-innovation and diffusion, and the transformation function 1 is best suited to measure technological change (Jaffe et al. 2003) . The transformation function represents 'best practice', i.e., what the economy would produce if all innovations made to date had fully diffused; therefore, the shift in transformation function captures innovations. The role of diffusion would then arise if some countries are not adopting 'best practice' and operating at points inside the transformation frontier. The movement of these countries towards the frontier can be termed as 'catch-up' effect or technological diffusion (TD). The present study tends to extend the literature on induced technological progress by measuring both innovations and diffusion.
We use directional distance function for measuring energy price induced technological change (TC). Directional distance function simultaneously seeks to expand output and contract inputs. It is particularly well suited to the task of providing a measure of technical efficiency in the full input-output space and satisfies all those properties, which are satisfied by the conventional representations of production technology.
There is considerable theoretical and empirical literature on induced innovation hypothesis.
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That literature typically analyses the inducement effect in the framework of conventional representation of production technology, such as cost, production or profit functions. Distinguishing between factor substitution and shift of transformation frontiers is problematic with the conventional representations. That is, in conventional representations the first order comparative static optimization conditions cannot be followed since the direct derivatives of the demand and supply functions with respect to prices cannot be unambiguously signed, given the presence of the cross derivatives (Celikkol and Stefanou, 1999; Paris and Caputo, 2001 ). We measure TC for a sample of 55 countries over the period 1974 to 2000 using macro variables. TC is similar in nature to any investment process, as it requires time and adjustment that is not instantaneous, and the choice of technology is influenced by long-term prices. Innovations are decomposed into two parts; namely, exogenous innovations (EI) and energy price induced innovations (PII). A time trend variable is used to measure exogenous innovation.
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Similarly the inclusion of long-term energy prices as a sift factor in the transformation function 1 Transformation function describes a production possibility frontier, that is, a set of combinations of inputs and outupts that are technically feasible at a point in time. 2 See Hayami and Ruttan, 1971; Binswanger, 1974; Binswanger, 1978; and Thirtle and Ruttan (1987) for a summary of this literarue. 3 Technological progress occurs both due to inducements and advancements in general science and technology. Therefore, a time trend is included as an argument in the transformation frontier to account for the impact of scientific innovation on the production technology (Lansink et al., 2000, p. 500, footnote 1). is used for measuring the induced innovation effect. We use oil prices as proxy for energy prices. 4 The study is organized as follows: Section 2 outlines the measurement of technological change. Data and results are discussed in Section 3.. Summary and conclusions are presented in Section 4.
Measurement of Technological Change
We extend the Luenberger measure of productivity change, introduced by Chambers et al. (1996) and Chambers (2002) , to a measure that also accounts for energy price induced innovations. The Luenberger productivity indicator is decomposed into two component measures: innovation and diffusion. We decompose innovation further into EI and PII. This can be illustrated through the Figure 1 .
Suppose a country in the year t with input-output (x t ,y t ) vector is operating at point a, and in the year (t+1) with the input-output vector (x t+1 ,y t+1 ) is at d. The technologies at these two points of time are specified as T t and T t+1 . The shift in technology from T t to T t+1 is the combination of energy price induced and exogenous innovations, i.e., shift in the production technology from T t to P is induced by the factors such as change in relative long term energy prices and the shift from P to T t+1 is due to some external factors such as advancement in science and technology. Therefore we get
Thus technological diffusion is measured by the distance of points a and d from the transformation functions T t and T t+1 , respectively. To measure the technological change, we use directional distance function. Directional distance function seeks to expand the desired output e.g., GDP and contract inputs such as labour, capital and energy, and inherits its properties from the production technology, T.
5 More formally the function is defined as: 
. This means that the producer becomes more technically efficient when simultaneously increasing outputs and decreasing inputs. The function takes the value of zero for technically efficient output-input 4 In the energy consumption oil accounts for most of the consumption of hydrocarbons, although the use of natural gas has risen in the past decades or so and there is high positive correlation between oil and natural gas prices. Moreover, oil accounts for about 35% of global annual use of primary energy, with much of that oil coming from politically unstable regions (Gallagher et al., 2006) , therefore, it is assumed that it is oil price volatility which induces technological progress which is energy saving. 5 For properties of directional distance function see, Fare et al. (2005) vectors on the boundary of T whereas positive values apply to inefficient output vectors below the boundary. The higher the value the more inefficient is the input-output vector, i.e., the directional distance function is a measure of technical inefficiency.
We parameterize the directional distance function in quadratic form hence; it is possible to apply Diewert's (1976) Quadratic Identity Lemma. 6 Using this identity, changes in the directional distance function from one period to the next can be written as: 
. Technological change (TC) can be defined as:
Technological change can be broadly defined as the difference of the weighted average rates of change in outputs and inputs, where the weights are derivatives of directional distance function with respect to (negative) output and (positive) inputs respectively. Rearranging equation (4), TC can be decomposed as: 
Equation (5) provides a meaningful decomposition of TC into diffusion, exogenous innovations (EI) and energy price induced innovations (PII), respectively. Negative values of the derivatives of directional distance function with respect to time-trend and long-run energy prices imply positive change in EI and PII respectively. Therefore, the negative value of each components of productivity index implies positive change in technological change (TC). 
Data and Results
For measuring energy price induced technological change, the resource constraint consists of the net fixed standardized capital stock, labour force, measured by the number of employed workers and energy use measured in kilotons (kt) of oil equivalent. Real GDP (adjusted for 1996 prices) measured in $PPP is taken as an indicator of output. Data on the capital stock, labor, and real GDP are compiled from a recent data set in Marquetti (2002) . World Development Indicators (World Bank) is the source for energy use. Crude oil prices, currency exchange rates and country specific consumer price indices are complied from International Financial Statistics (IMF) to create country specific indices of relative oil prices as a proxy for country specific energy prices. The annual panel data set includes 55 countries 8 , a mix of developed and 6 Orea (2002) used the quadratic identity lemma for parametric decomposition of Malmquist productivity index using output distnance function. 7 In the discussion of results, for the sake of convention we have multiplied each of the component by minus one. 8 We have grouped all the countries in two categories according to World Bank Classification on the basis of per capita incom: develoing and developed countries. developing countries for the period 1974-2000. The choice of countries and study period is constrained on the availability of the required information. The period of study starts just after the first oil shock. The choice of oil price variables is difficult and, country specific oil prices oil prices have been influenced by price-controls, high and varying taxes on petroleum products, exchange rate fluctuations and country specific price index variations. Most of the empirical literature analyzing the effect of oil price shocks use either the $US world price of oil as a common indicator of the world market disturbances that affect all countries (see, e.g., Burbidge & Harrison, 1984) or this world oil price converted into each respective country's currency by means of the market exchange rate and adjusted by the domestic inflation (see, e.g. Mork et al., 1994 for OECD countries or Cunado and Gracia, 2005 for Asian countries). The main difference between the two variables is that only the second one takes into account the differences in the oil price that each of the countries faces due to its exchange rate fluctuations and its inflation levels. In the present study we use the second kind of oil price indices for analysis. The oil price indices are created by taking the 1970 as the base year.
The notion of long-run prices serving as a stimulating factor to innovate is a critical component of the price-induced innovation model. Changes in current prices induce factor substitution where changes in long-run prices induce the development of new technologies leading to the shift of the technology frontier. Therefore, it is important to model long-run prices which depend on current and past price information as arguments in the production technology frontier to separate scarcity responses from biased PII. Past country specific prices of energy is included in the country-specific frontier function to measure PII and is generated as a 3-year moving average of past energy prices. The choice of 3-year moving average is based on the assumption that firms use most recent years as having the greatest information content (Lansink et al., 2000) . Such kind of the choice of long-term energy prices is also consistent with an adaptive expectation model of prices; in which expected future prices depend on a weighted average of past prices (Popp, 2002) .
For the measurement of exogenous and energy price induced innovations, following Färe et al. (2005) , we econometrically estimate directional distance function using normalized values of inputs and outputs. 9 This normalization implies that
for a hypothetical country that uses mean inputs and produces mean output.
We estimated four specifications of directional distance function. In specification 1, we estimate the directional distance function only in input-output vectors, in specification 2, we include the trend variable as the shift parameter and in specification 3 there are two shift parameters: time trend and long run relative energy prices. As noted above the sample consists 55 countries, we grouped the countries in two groups: developing and developed countries, and in the estimation we included the group dummy also (specification 4). The selection of model is done on the basis of log-likelihood ratio (LR) test. identified within the composed error term: (i) the LR test on the one-sided error is highly significant; (ii) the share of technical inefficiency in total variance is high, i.e., 93 percent and (iii) it appears to have an exponential distribution with θ=15.45.
A first look at the production technology parameters in Table 2 indicates that the first order coefficients on output and inputs have expected signs regarding economic behavior. Looking at the signs of second order parameters, it appears that they involve interesting results too; however, require a more detailed analysis to measure their final influence. The resulting distance functions satisfy the regularity conditions of convexity on inputs and concavity on outputs for majority of observations.
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The parameters associated with time-trend and long-term energy price variables are of specific interest. Negative parameters indicate positive TC; a positive parameter indicates negative TC. The LR test statistics on these parameters allows us to reject the null hypotheses of no exogenous (EI) or energy price induced innovations (PII) ( Table 2 ). We find absence of neutral EI as the coefficients γ 1 is statistically insignificant although it has required sign, but the presence of biased or embodied EI as the coefficients of interaction terms between time-trend & output and time-trend & inputs are statistically significant. The coefficient γ 2 is positive and statistically significant indicating regressive neutral PII. This observation is consistent with the literature on inverse relationship between oil prices and GDP growth. This is due to the classic supply-side effect according to which rising oil prices are indicative of the reduced availability of a basic input to production, leading to a reduction of potential output. Consequently, there is a rise in cost of production, and the growth of output and productivity are slowed.
11 But the coefficients of interaction terms between output & energy prices, and inputs & energy prices indicate progressive embodied PII.
Moreover, the results reveal that TC varies considerably between countries. For instance, India in developing countries and Japan and USA in developed countries observe larger technological change effects (Figures 3 through 5) . One explanation for this could be that the functional form used is only a local approximation, and the countries that differ significantly from the rest may be assigned extreme TC.
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The components of technological change are presented in Table A1 . The world witnessed technological progress increasing by 0.1 percent per annum and it is attributed to the growth of exogenous innovations since the technological diffusion effect was negative of the magnitude of -0.1 percent per annum.
During the study period, 25 countries observed positive TC and India experienced the highest growth rate of the magnitude of 3.72 percent per annum, and about 97 percent of it can be attributed to innovations. In the technological progress, India is followed by Japan (2.21%), USA (2.16%) and United Kingdom (1.18%). Korea and Nigeria experienced negative technological change of the magnitude of 1.66 percent and 1.07 percent per annum respectively.
The technological diffusion or catch-up effect is negligible across the groups, although it is positive in the developed countries and negative in developing countries. In the sample of 55 countries, Japan observed the highest technological diffusion effect of the magnitude of about 10 We find that the monotonicity conditions with respect to output is satisfied by all the observations, and with respect to inputs: labour, capital and energy these conditions are satisfied by 98.18%, 100%, and 100 % observations respectiverly. 11 see among others, Barro, 1984; Brown and Yücel, 1999; Abel and Bernanke, 2001 . 12 The size of these economies is quite large in comparison to other sample countries and they may be outlier in the sample.
2.15 percent per year followed by the USA of the magnitude of 1.09 percent. On the other hand, Korea and Nigeria witnessed decline in catch-up effect of the magnitude of 1.85 and 1.52 percent per annum respectively, which explain the decline of technological change in these countries. Out of 55 countries, 11 countries tried to catch the world frontier and 44 countries observed negative catch-up effect.
Innovations are decomposed into two categories: exogenous and energy price induced. It is found that the developed countries witnessed higher exogenous innovations (EI) in comparison to developing countries and the gap between the groups in the growth of EI has narrow down over time (Figure 2) . Fifty-four countries witnessed exogenous innovations (EI) and India observed the highest growth rate in EI of the magnitude of about 3.4 percent per annum followed by USA (2.96 %). Only Gabon experienced the decline in EI. This implies that although innovations have contributed positively to growth for most countries, the pattern is very dissimilar and developed countries have benefited more from exogenous innovations than developing countries.
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Figure 2 reveals that developed countries observe substantial energy price induced innovations (PII) when the long-term oil prices were rising, although the growth rate of PII is much volatile in these countries. In the developing countries the magnitude of PII is negligible and is not associated with the long-term changes in energy prices. This finding is consistent with the given level of energy consumption in the concerned economies. In the developed economies the per capita as well aggregate energy consumption is too high in comparison to developing economies so the expected magnitude of PII is expected to be higher. The developed countries account for more than half of the world total final consumption of energy (IEA, 2006) . During the study period 22 countries observed outward shift in production frontier due to change in long-term oil prices, although the magnitude of progress was negligible.
To understand the implications of long-term oil prices the obvious way is to analyze the country specific results. But due to space constraint, we present the analysis of results for three major economies, viz., USA, Japan and India; the first two are developed and the third one is a major developing economy. We consider these three economies for further analysis because of their size and aggregate consumption of energy. Japan and the US together account for about 75 percent of the estimated public sector spending in the area of energy research, development and demonstration (ERD&D) by International Energy Agency (IEA) countries (Gallagher et al., 2006) . Although there are no systematic and detailed data on public ERD&D spending in developing countries, the spending in India is fairly large. India spent the equivalent of about 0.9 billion 2000 PPP$ in 1996-97 (Sagar, 2002) . The results of these three countries are presented in Figures 3 through 5 .
In all the three economies, we observe a stable growth path in the exogenous innovations (EI). The US economy experienced the exogenous innovations of the magnitude of about 3 percent per annum and it was 3.4 percent per annum for India. The annual growth rate of EI in Japan was 0.76 percent. The path of technological diffusion is more volatile in USA in comparison Japan and India. On average the contribution of the diffusion in the technological change is negligible; however all these three economies observed positive change in catch-up effect. Technological progress in Japan can be attributed to mainly technological diffusion effect, whereas in USA it is the function of both technological diffusion and exogenous innovations. In India, technological progress can be attributed mainly to exogenous innovations. 13 The similar kind of trend is obsreved by Kumar and Russell (2002) using a sample of 55 countries for the period of . The countries taken in the studies are different.
The annual growth path of energy price induced innovations (PII) is of particular interest. Figures 3 through 5 show that the path of PII is very volatile and it is consistent with the changes in long-term oil prices. All the three countries observed high growth rate in PII when the oil prices were rising and decline in PII when oil prices were declining. It is observed that the growth rate was highest during the period when long-term oil prices were at peak. This finding is consistent with the expenditure in ERD&D area in the USA and Japan. Public ERD&D in OECD countries showed a significant upward spike in the wake of the oil crises of the 1970s (Gallagher et al. 2006) .
Moreover, it is also observed that the growth rate of energy price induced innovations was higher in USA relative to Japan. This finding is consistent with the dependence of the countries on imported oil and structural changes in energy consumption in the economies (Ono, 2005) .
During the study period, India observed positive growth in energy price induced innovations during 1970s and 1980s when the oil prices were at peak and then positive changes in PII during 1995-1997 and in 2000 (Figure 5 ), although the magnitude of PII was much lower in India in comparison to USA and Japan.
Summary and Conclusions
Global climate change, to a large extent, is linked to the energy consumption. The reduction in energy consumption is possible with the innovations and diffusions of energy saving technologies. In this study, we have applied an analytical framework, developed by Robert Chambers and others, for estimating energy price-induced and exogenous technological change. A distinguishing feature of this framework is that it provides several peace of information simultaneously: it describes the structure of production technology; it provides a measure of technological diffusion effect; and it provides the direction and pace of energy price induced as well exogenous innovations.
Application of the analytical framework to the macroeconomic data yields several important findings. First, the parameter estimates of directional distance function reveal the absence of neutral EI and the presence of biased innovations either it is EI or PII. Second, the study provides an interesting descriptive look at innovations and diffusion across a wide range of countries. Third, in developed countries we observe larger PII in comparison to developing countries in the periods after first (1974), and second (1980) world oil crisis that caused substantial energy price increases. The time pattern of the PII effect in high-income countries also seems consistent with the economic theory and data that show most R&D activities occurs in high-income countries, particularly in the US and Japan. 0.0100 1 9 7 5 1 9 7 7 1 9 7 9 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 ETC0 ITC0 ETC1 ITC1 1 9 7 5 1 9 7 7 1 9 7 9 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 PCH ITC ETC EC 1 9 7 5 1 9 7 7 1 9 7 9 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 PCH ITC ETC EC 1 9 7 5 1 9 7 7 1 9 7 9 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 PCH ITC ETC EC 
